where H is enthalpy or heat content in J/kg, k is thermal conductivity in W/m · K, and T is the temperature in K.
Introduction
Transient stage in the steel continuous casting has significant effect on the steel quality. Compared with the steady casting, the transient stage means the casting process varies in casting speed, incoming steel temperature, steel grade, and so on. These unsteady phenomena can lead to poor quality products. The industrial experiment proved that the number of inclusions in a slab at the transient stages is much higher than at the steady stages, 1, 2) as shown in Fig.  1 . Zhang et al. 3) indicated that the number of inclusions increases at the initial stage of casting speed change. Moreover, many surface defects were found at the transient stage.
4) The formation of these surface defects corresponds to slag entrapment 5) and the non-uniform heat transfer between the strand and the mold. 6, 7) Huang et al. 8) pointed out that more serious damages may be caused by violent changes in mold cavity. Unfortunately, the transient stage is inevitable. To minimize the negative effects at the transient casting stage becomes a great challenge in modern steelmaking process.
Due to the complicated arrangements and procedures, few previous studies conducted experimental work to represent the transient behavior in continuous casting. The numerical simulation is an alternative for this purpose and has been used for the prediction of steel behavior during transient stages, such as steel concentration distribution in the strand during steel grade change, [9] [10] [11] transient phenomena in ladle 12) and tundish, 13, 14) and unsteady fluid flow in casting mold. 8, 15) Among these studies, the steel quality is more sensitive to the transient behavior inside the casting mold cavity. To make the entire casting process more efficient and produce high quality products, it is essential to understand the unsteady phenomena inside the mold and optimize its operation process. The present work focused on the following several transient phenomena in a slab strand.
(1) Fluid flow and top surface profile in the slab mold during casting speed change; (2) Effect of casting temperature fluctuation on the temperature distribution in the mold; (3) New steel transport in the mold during the period of steel grade change.
Methodology and Boundary Conditions
The study was based on a slab mold as described in Part I. A single phase three-dimensional fluid flow model was established to solve the continuity equation and NavierStokes equations for the incompressible Newtonian fluid. Since it was a study on transient phenomena, the time-dependent algorithm was applied. The equations for continuity, Navier-Stokes, and turbulent kinetic energy and its dissipation rate were listed in the work of Part I. Many complicated phenomena are associated with transient stages during the continuous casting process, especially inside the casting mold cavity. A deep understanding of the phenomena and optimized control over the process ensure the high quality product and low costs. This work presents a three-dimensional numerical simulation of transient fluid flow phenomena during steel continuous casting. In the Part II, the process of casting speed change (increase or decrease), temperature fluctuation, and steel grade mixing in a slab mold were investigated. The phenomena, such as flow pattern, inclusion removal fraction, temperature variation, top surface profile, and steel transportation, were addressed to evaluate the process and enhance product quality. where H is enthalpy or heat content in J/kg, k is thermal conductivity in W/m · K, and T is the temperature in K.
Particles were modeled using both Eulerian and Lagrangian approaches. The Eularian approach considers them as continuous phase, whereas the Lagrangian approach treats them as a discrete phase. 16) Due to the low volume fraction of particles, the Lagrangian approach is always used to calculate the trajectory of particles by considering the force balance acting on them 17) ......... (2) where u Pi is particle velocity at direction i in m/s, t is time in seconds, C D is a dimensionless drag coefficient, Re P is a particle Reynolds number, d P is particle diameter in m, r P is inclusion density in kg/cm 3 . The first term here is the drag force per unit of particle mass, the second term is gravitational force, the third term is the virtual mass force accelerating the fluid surrounding the particle, 18) and the fourth term is the force stemming from the pressure gradient in the fluid.
To incorporate the stochastic effect of turbulent fluctuations on particle motion, the random walk model 19) was used. In this model, particle velocity fluctuations are based on a Gaussian-distributed random number chosen according to the kinetic energy of the local turbulence. (4) where ū is the mean fluid phase velocity in m/s, uЈ is random velocity fluctuation in m/s; x is a random number and k is the local level of turbulent kinetic energy in m 2 /s 2 . The application of Lagrangian approach in discrete phase model requires the particle flow must be dilute (volume fraction Ͻ12 %). Generally, inclusions in molten steel only take a very small volume fraction. If the total oxygen in the molten steel is 30 ppm, and if it is assumed that all of the inclusions are with a density of 3 500 kg/m 3 , then the volume fraction of inclusions in the molten steel is approximately 0.013 %. In our current study, assuming there are 10 000 particles with diameter of 50 mm. The volume of the particles is 6.54ϫ10 8) ....... (9) With the k-e equations, the turbulent viscosity is given by 20, 21) . The top-surface liquid displacement (Dz) was estimated from a simple potential energy balance 22) .................. (11) where p(x, y) is the pressure at the top surface at location (x, y), p mean is the mean value of the pressure across the entire top surface, r l is the density of the molten steel, r top is the density of the top slag, and g is the gravitational acceleration rate.
The dimensions, parameters, and boundary conditions of the slab mold were listed in Table 1 . A half mold was simulated. During the iteration, convergence was assumed if all the normalized unscaled residuals were smaller than 10 Ϫ6 . More than 10 000 inclusions with the diameter of 15 mm and 50 mm were injected into the slab mold through the inlet respectively. As boundary conditions for the particle motion, particles escaped from the top surface and the open bottom, and were reflected at the symmetry plane. For the entrapment of the inclusions on the wide or narrow faces, it is very complex; it has received well-deserved attention in recent work. 23, 24) There are two crude preliminary approximations: the one is assumed that once the inclusion touches the boundary, it will adhere to the solidification shell [25] [26] [27] ; the other is assumed that the inclusion will be reflected by the wall. The former was used to roughly predict the entrapment of inclusions in the wall; the latter was used to calculate the removal fraction of inclusions on the top surface in this study. The accurate prediction is being investi-
gated further as part of this project. During the unsteady state calculations, the inlet velocity was taken to be the function of time. A user-defined function was applied to simulate the variation in casting speed.
Effect of Casting Speed Change
A study by Huang et al. 8) first applied mathematical model to explore how sudden changes at inlet flow conditions affect the evolution of transport phenomena in the mold cavity. The biased flow pattern was predicted over the transient stage. In the present study, more acceleration rates for casting speed change were considered, including 0.3 m/min 2 , 0.5 m/min 2 , and sudden increase or decrease in casting speed. Before the casting speed has any changes, casting speed was stabilized at 0.9 m/min. The speed was then increased until it arrived at a stable state of 1.8 m/min for the casting speed increase process. On the contrary, the initial casting speed was at 1.8 m/min, and the final casting speed was at 0.9 m/min for the casting speed decrease process. Figure 2 shows how casting speed change with time used here. During the simulation, the influence of casting variation on the entire velocity distribution in the mold, top surface velocity fluctuation, surface profile, and the removal fraction of inclusions from the mold were addressed. Figure 3 shows the variation of flow pattern in the top region of the mold at the different acceleration rate. The acceleration rate for casting speed increase significantly affected the magnitude of velocity in the mold. With the acceleration rate of 0.3 m/min 2 , the velocity gradually increased with the time, which has minor effects on the surface fluctuation; whereas, with the sudden increase casting speed, the incoming high speed jet can disturb the entire mold, causing the asymmetrical flow inside and large fluctuation on the top surface.
The velocity on the top surface of the mold plays an important role in the entrainment of a mold slag. As shown in Fig. 4 , the instability shear flow between the molten steel flow and mold powder lead to the slag entrainment. 28) To track the instability of shear flow, the variation in velocity over time was monitored at three points (A, B, and C) on the top surface. The velocity variation in the entire mold was indicated measuring the average velocity on the center plane, as shown in Fig. 5 .
The various acceleration rates caused top surface velocity variation, as shown in Fig. 6(a) . An abrupt change in casting speed (either a jump or a drop) caused greater fluctuation in surface velocity at the initial stage. When casting speed jumped from 0.9 to 1.8 m/min, the surface velocity reached a peak and later dropped back. Several peaks and valleys were observed before the surface velocity stabilized. Similarly, when the casting speed dropped from 1.8 to 0.9 m/min, the surface velocity fluctuated significantly, causing slag entrainment. At certain acceleration rates, especially at lower acceleration rates, casting speed changes produced less fluctuation in surface velocity. Figure 6(b) shows the variation in average velocity on the center plane of the mold, including that a lower rate of acceleration rate in casting speed favored the stabilization of fluid flow in the entire mold region. According to the industrial measurement, the number of inclusions in the steel varies as casting speeds increase or decrease, as shown in Fig. 7 .
3) The variation of cleanliness corresponded to the slag entrainment and the instability flow pattern inside the mold. Figure 8 shows the top surface profile with an abrupt jump in casting speed from 0.9 to 1.8 m/min. This jump caused the top surface profile to change significantly in a short time. The highest point on the profile moved from 5 to 15 mm within 9 s. Such variation is one source of slag entrainment, which causes surface defects or sublayer defects in the slab. These results indicated that when speed increases were controlled at an acceleration rate of 0.3 m/ min 2 , the top surface profile remained essentially constant from 1 to 9 s, as shown in Fig. 9 .
To study the effect of instability of the fluid flow on the fraction of inclusions removed, 15 mm and 50 mm inclusions were injected into the mold during the transient state respectively. For example, ten thousand inclusions were injected from the inlet at 5 s intervals during a casting speed change. The fraction of inclusions removed at each time was calculated. The result present the percentage of inclusions removed from the top surface. The rest of inclusions will be entrapped by the solidification shell or engulfed into the downstream and remained in the final product. As indicated in Fig. 10 , the removal fraction varied when the casting speed was jumped or dropped abruptly. This variation was caused by fluid flow variation inside the mold. For a casting speed changed at the acceleration rate of 0.3 m/ min 2 , some variation remained but it was much better than the case of violent jump and drop in casting speed. Compared with the removal fraction of 15 mm inclusions, the removal fraction of 50 mm inclusions was larger.
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Fluctuation in Casting Temperature
The temperature of the melt in the ladle and tundish is not constant. The temperature difference caused fluctuation in temperature and flow in the mold. For the current simulation, the temperature at both wide and narrow faces of the mold were fixed at liquidus temperature of the steel, and the heat loss from the top was 15 000 W/m 2 . The temperature distribution in slab was assumed to be uniform at the initial stage. When the temperature fluctuation occurred, the temperatures at the inlet (bottom well of the tundish) were 10°C and 20°C higher than the temperature of the steel in © 2010 ISIJ the previous heat, and the casting speed was 1.8 m/min. Figure 11 shows the temperature variation in the top region of casting mold due to the effect of hotter incoming steel. The hotter steel passed through the submerged entry nozzle and impinged on the narrow face of the mold. The fluid flow significantly affected the heat transfer process: the temperature went up very quickly in the zone with high flow rate; whereas, the temperature increased slowly in the zones with lower velocity. The average temperature inside the mold gradually grew up and reached a new equilibrium © 2010 ISIJ state. The temperature variation at the different positions was monitored, as shown in Fig. 5 . These variations were plotted in Fig. 12 . The temperature of the point near to the narrow face of mold was lower than that at the other two points, but its response was faster during the casting temperature increase. It took a long time for temperature in the mold to reach a constant.
Steel Grade Change Process
In the steel grade change process, the intermixing of steel caused by interaction between the new grade and the old one in the tundish and the strand produces a mixed grade. The length of the mixed grade and the mixing time are important factors. Many studies on the casting transition process have been reported. Huang and Thomas 30, 31) developed a mathematical model, using a three-dimensional fluid flow model and one-dimensional mixing at various places in the tundish and strand. Cho and Kim 32) investigated the steel grade transition in a tundish using both water model and numerical simulation. Recently, Alizadh et al. 33 ) applied a mathematical model to describe steel mixing in both tundish and mold.
The current study developed a three-dimensional mathematical model to investigate mixing in the casting strand. In the simulation, it was assumed that the old steel was replaced by new steel in the casting strand. The casting speed during steel grade transition was 0.9 m/min. The steel grade was assumed not to affect steel properties such as density, viscosity, and diffusivity; it influenced only the steel composition. Dimensionless concentration was used to present the dispersion of the new grade steel in the strand. Before the grade was changed, the concentration of the new steel at the inlet was zero. When steel transition began, the dimensionless concentration was set as unit at the inlet. Three points on the plane 0. Figure 14 shows the variation in dimensionless concentration of the new steel over time at various points. On the same plane 0.8 below meniscus, the point near the narrow face of the mold had a shorter response time than other points because the fluid flow arrived at this position first then moved to the center. More time was required for the new steel to completely replace the old steel. With time increasing, the steel composition became homogeneous more and more; therefore, the dimensionless concentration at various points tended toward the same value. Figure 14 also indicates that the average concentration on different planes tended to be the same at approximately 400 s, which can be defined as the homogenization time for steel composition. Figure 15 shows the concentration profile on various cross-sections of the strand. At 20 s, the new steel flow arrived at the real mold exit, 0.8 m below the meniscus, but it did not reach 2.4 m below the meniscus, also indicated in Fig. 14(b) . At 400 s, the concentration was roughly uniform across all cross-sections. Figure 16 shows variation in the dimensionless concentration of new steel on the mold center plane over time. The concentration profile explains the different concentration response times inside the mold, as mentioned above. This figure indicates that the concentration gradient was sharp at the initiation of steel grade change. Over time, the old steel in the mold was gradually replaced by the new steel; and the composition became homogeneous more and more.
Conclusions
This work investigated transient fluid flow phenomena at the cast start of continuous casting strands. Specifically, it investigated casting speed change, casting temperature fluctuation, and steel grade transition based on the three-dimensional simulation. The results supported the following conclusions:
(1) Top surface velocity fluctuation is significant when the casting speed abruptly jumps or drops. Such fluctuation induces variation in the top surface profile and slag entrainment. To avoid surface defects and sublayer defects in the slab, the casting speed change must be controlled at a low acceleration rate during the regular casting speed change process.
(2) Removal fraction of inclusions during the period with casting speed change varies over time, especially when the casting speed has an abrupt jump or drop.
(3) Casting temperature changes affect the surface temperature of the mold. The fluid flow significantly affected the heat transfer process: the temperature went up very quickly in the zone with high flow rate; whereas, the temperature increased slowly in the zones with lower velocity. The position near to the narrow face of the mold was sensitive to the temperature fluctuation. If fluctuation occurs, the temperature in the mold is slow to reach a steady state.
(4) The homogenization time for steel composition inside the current slab strand is above 400 s, and the replacement of old steel requires a significant time.
